A novel transparent and nanostructured ion-sensitive electrode based on indium tin oxide (ITO) coated with cobaltbis(dicarbollide)-doped poly(pyrrole) (PPy) is presented in this work. This metallacarborane-doped PPy was used as conducting polymer due to its high stability and chemical resistance. The ion-sensitive electrode was coupled to a miniaturized and low-cost potentiostat, in a final autonomous kit for potentiometric determination of pH. Qualitative calibration of the system revealed Nernstian behavior, resulting promising for novel point-of-care biomedical applications.
Introduction
Commercial-based pH sensors (glass electrodes) are becoming obsolete in many challenging applications such as biomedical and environmental monitoring, for they are constructed around liquid-filled glass membranes that imply limitations in size and rigidity. To overcome these limitations, solid-state pH sensors based on various organic materials were suggested in the past, which allowed the mass-production and miniaturization of flexible electrodes. Still a challenge in pH sensors is optical transparency, which would allow simultaneous monitoring of potentiometry and optical features (e.g., fluorescence or chemiluminescence in some biochemical systems). Indeed, some important biomedical applications [1] have recently been reported in these terms.
Parallelly, many efforts have been devoted to the development of sensors based on intrinsically conducting polymers (ICPs), for they are highly stable and conductive, and also due to their ease of preparation. In this sense, devices for metal ion detection [2, 3] , humidity sensors [4] and nitrateselective sensors [5] based on ICPs have been widely reported. Poly(pyrrole) (PPy) is one of the most stable of all known ICPs and is also one of the easiest to synthesize. Due to the latter and also to its great technological potential, PPy has attracted much attention in many electrochemical applications. Two doping structures for PPy were proposed in the past: (1) a PPy structure with the pyrrole unit protonated at the β carbon would perform as H + sensor by enabling deprotonation and subsequent de-doping; and (2) a PPy insulator film as the basis of a metal/insulator/metal device for electroinactive pH sensor. However, the practical implementation of the latter is not competitive with the commercial glass pH sensor, especially in terms of cost and ease of use.
In this work, the use of transparent nanostructured electrodes based on indium tin oxide (ITO) as a novel electrochemical platform for pH determination is proposed. We describe a fully glass-free potentiometric pH sensor based on a PPy-modified electrode. The cobaltbis(dicarbollide) anion ([3,3-Co(1,2-C2B9H11)2] − ) was chosen as doping agent for the PPy films due to its high chemical resistance [7, 8] and advantages over other common dopant anions elsewhere described [9] . The development of this transparent glass-free electrode generation will be useful in developing pH sensors avoiding the typical problems (fragility, response loss in organic media) in commercial glass-based electrodes.
Materials and Methods

Fabrication of Transparent Nanostructured Electrode
The nanostructured ITO electrodes were grown by electron beam evaporation on a transparent substrate with a Pfeiffer Vacuum Classic 500. Commercial ITO pellets with a concentration of 90/10 %wt. In2O3/SnO2 were purchased from Neyco, France. Substrate temperature was set at 300 °C, and the deposition rate was set at a constant value of 1 Å s −1 during 30 min. The samples were further annealed at 600 °C during 1 h in N2 atmosphere after the evaporation process, in order to promote the total crystallization of ITO, leading to an enhancement of the electrical conductivity and optical transparency.
Electropolymerization of Co(1,2-C2B9H11)2]-Doped Pyrrole
The cobaltbis(dicarbollide)-doped PPy films were prepared galvanostatically on ITO electrodes in acetonitrile solution. A three-electrode system was used to electropolymerize a solution of 100 mM Pyrrole and 50 mM [3,3'-Co(1,2-C2B9H11)2] − in acetonitrile by CV between 1.2 V and −0.9 V, at 100 mV s −1 for three cycles to keep the electrode optical transparency.
Monitoring System and Electrode Calibration
The potential response behavior of this novel transparent, conductive and nanostructured film was investigated in aqueous pH buffers prepared from HCl and NaOH solutions. A self-developed low-cost and miniaturized potentiostatic device was used for two-electrode potentiometry measurements, with the modified ITO film as ion-sensitive working electrode with respect to a Ag/AgCl (KCl sat.) reference electrode.
Results and Discussion
Electrode Characterization
A scanning electron microscopy (SEM) image of the ITO nanowhiskers is shown in Figure 1a . This image reveals dense nanowires with mean diameter around 30 nm. The morphology of the wires (long stick and seed at the tip) and the film composition reveal that the nanostructuration was produced by the self-vapor-liquid-solid (self-VLS) mechanism. The electrochemical surface area provided by such nanostructured electrode was proved to be an order of magnitude higher (in a projected area around 1 cm 2 ) than its thin film counterpart [10] . This enhanced surface area has proved useful for amperometric and impedance sensors in terms of sensitivity and limit of detection. 
Electrode Calibration
The surface was coated with a functional conducting polymer via electrochemical polymerization by cyclic voltammetry (CV). The polymer was doped with cobaltbis(dicarbollide) anion, whose chemical structure is shown in Figure 1b . The polymerization was performed in three voltammetric cycles between −0.9 V and 1.2 V (Figure 2a) .
The potential response behavior of this novel electrode was investigated in pH buffer. The potentiometric characteristic of this film is indicative of quasi-Nernstian response (50 mV per pH unit), as can be observed in Figure 2b . The film showed a linearity range from pH 1 to 14, although further measurements should contribute to increase the correlation coefficient (>0.85). 
Conclusions
In summary, the preliminary results presented in this work point towards a new promising transparent ion-sensitive film coupled to a low-cost and miniaturized electronic system to achieve a fully autonomous measurement kit for precise potentiometric measurements in point-of-care medical environments. Along a set of works concluding in the present one, we presented a complete structural and electrochemical characterization of transparent nanostructured ITO-based electrodes and several applications as impedance, amperometric and potentiometric sensors. With all, this transparent nanostructured electrode proved suitable for electrochemical impedance spectroscopy and amperometric detection of biochemical species, and for pH measurement. In the near future it will be tested for monoprotic titrations of strong alkalis and strong acids, and weak bases with strong acids. This will lead to a new generation of highly sensitive pH sensors, avoiding the typical problems (fragility, response loss in organic media) in commercial glass-based electrodes, and suitable for being coupled to optical detection systems due to their high transparency to visible and infrared wavelengths.
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